Abstract. State-of-the-art hard x-ray full-field transmission x-ray microscopy (TXM) at beamline 6-2C of Stanford Synchrotron Radiation Lightsource has been applied to various research fields including biological, environmental, and material studies. With the capability of imaging a 32-micron field-of-view at 30-nm resolution using both absorption mode and Zernike phase contrast, the 3D morphology of yeast cells grown in gold-rich media was investigated. Quantitative evaluation of the absorption coefficient was performed for mercury nanoparticles in alfalfa roots exposed to mercury. Combining XANES and TXM, we also performed XANES-imaging on an ancient pottery sample from the Roman pottery workshop at LaGraufesenque (Aveyron).
INTRODUCTION
Hard x-ray full-field transmission x-ray microscopy (TXM) with spatial resolution down to 30 nm has been reported at many facilities all over the world. Different research areas, including materials investigation [1] [2] , environmental science [3] , and biological studies [4] [5] have benefitted from this technique. Illuminated by x-rays from a 56-pole, 0.9-Tesla wiggler, the TXM at BL6-2C at SSRL [4] has multiple sets of x-ray optics (capillary condensers and Fresnel zone plates) to cover the working energy range from 5.0 keV to 15.0 keV. Different objective lenses switch the field of view between 16 ȝm × 16 ȝm and 32 ȝm × 32 ȝm. A condenser scanner (condenser agitator) moving in a Lissajous pattern provides a smooth background image, simplifying the reference image correction. Zernike phase contrast can be achieved at 5.4 keV and 8 keV. With the use of stacked zone plates to increase aspect ratio and upgraded condensers (about 18 cm in length), the photon-efficiency of the TXM system has been improved to achieve better S/N ratio. A TXM image of a Siemens calibration standard with 30 nm minimum features taken at 9 keV is shown in Fig. 1(a) . As shown in the blowup ( Fig. 1(b) ), the 30-nm features are clearly resolved. By tuning the energy of the incident x-rays and adjusting the focusing position of the zone plate simultaneously, the capability of XANES imaging is achieved. We demonstrate the use of this TXM system to obtain images of yeast cells, plant roots, ancient pottery samples, etc. Results of these applications are given below.
TOMOGRAPHY OF YEAST CELLS IN GOLD-RICH MEDIA
In cooperation with Zoltan Mester of the Institute for National Measurement Standards in Canada, we imaged Saccharomyces cerevisiae (yeast) cells treated with Au to form nanoparticles (about 0.5-1 microns in diameter). The yeasts were dried on top of a SiN membrane chip sample holder. Tomographic imaging at 5.4 keV in Zernike phase contrast mode was performed from -70 to +70 degrees; the missing angle is caused by the frame of the SiN membrane sample support. In order to reduce artifacts in the reconstructed slices, we applied a self-developed iterative tomographic reconstruction algorithm based on maximum likelihood with expectation maximization (MLEM) [6] . The results of this experiment are shown in Fig. 2 . In the 3D rendering of the whole cell cluster ( Fig.  2(a) ) gold nanoparticles (blue) and cell organelles (yellow and green) are visible. A projection image taken at 5.4 keV in Zernike phase contrast mode ( Fig. 2(b) ) reveals more cellular detail. The reconstructed tomographic slices ( Fig. 2(c) ) reveal that some of the Au particles have penetrated into the yeast cells, which cannot be determined from the 2D projection images. 
QUANTITATIVE STUDY OF MERCURY PARTICLES IN PLANT ROOTS
The attenuation coefficient of a sample in a transmission x-ray image is an important characteristic that can be used for identification and quantification of chemical elements in many cases. We have performed a quantitative study of mercury particles absorbed by the roots of Medicago sativa (alfalfa). Fine hair-like roots (60-120 microns in diameter) were mounted in windows anchored by Kapton tape for TXM analysis. A projection image from tomographic data taken from -90 to +90 degrees with 1 degree angular step at 5.4 keV in absorption mode is presented in Fig. 3(a) . The distribution of the attenuation coefficient over the reconstructed slice indicated as a line in the inset of Fig. 3(a) is presented as a matrix mesh view in Fig. 3(b) . For better statistics, we plotted total absorption versus particle thickness obtained from different viewing angles for the whole particle (Fig. 3(c) ) and used least squares fitting method to obtain the average attenuation coefficient of the particle. The attenuation coefficient in the Hg particle equals 7395±190 cm -1 , while the corresponding value for pure Hg equals 7895 cm -1 . The result indicates that the particles absorbed by the root are probably Hg bound to one other light element, possibly sulfur (the attenuation of HgS equals 7,325 cm -1 ). 
XANES IMAGING OF AN ANCIENT POTTERY SAMPLE
Combining x-ray absorption spectroscopy with TXM, we performed a XANES-imaging study of an ancient pottery sample from the Roman pottery workshop at LaGraufesenque (Aveyron) [7] . The pottery sample was epoxied to a stainless steel tip and mounted on a standard TXM sample holder. A mosaic TXM 2D image of the pottery sample is shown in Fig. 4(a) . After a few data processing steps, including magnification correction and image alignment, XANES spectra for each single pixel (about 30 nm × 30 nm) were generated by plotting the intensity values of the corresponding pixel through the stack of images vs. energy (see example in Fig. 4(c) for a single pixel). The edge jump height of the spectrum in each pixel was plotted as a transparency map indicating the concentration of Fe ions. Least squares fitting was applied to generate the mineralogical phase map of the sample (Fig. 4(d) ) found as hercynite (green) and hematite (red), confirming the suggestion from previous studies that colors of the pottery sample arise due to different oxidation states of Fe [7] . 
CONCLUSION
In summary, the transmission x-ray microscope at SSRL beamline 6-2C has been applied successfully to many applications including phase contrast imaging of yeast cells, absorption quantification of Hg particles in roots, and XANES imaging of an ancient pottery sample. This method provides the capability of three-dimensional chemicalsensitive imaging at high spatial resolution, making it a powerful tool for structural and chemical studies.
